Abstract. In this study, we investigated whether carbofuran, a commonly used carbamate pesticide, and N-nitrosocarbofuran (NOCF), the N-nitroso metabolite of carbofuran, have cytotoxicity in mouse brain microvascular endothelial cells (bEnd.3). Results from the MTT assay in bEnd.3 cells showed that NOCF but not carbofuran caused a remarkable decrease in cell viability. The cell death induced by NOCF appeared to involve apoptosis, based on our results from annexin V staining and electron microscopy. To investigate the mechanism of the NOCF-induced cell death, we examined the effects of selective inhibitors for MAP kinase pathways, PD98059 (for MEK / ERK), SB202190 (for p38 MAP kinase), and SP600125 (for JNK), on the NOCF-induced cell death. The NOCF-induced cell death was significantly reduced by PD98059, but not by SB202190 or SP600125. NOCF increased ERK phosphorylation as early as 15 min after the treatment and this increase was maintained for 2 h. In summary, our results suggest that NOCF can induce apoptotic cell death, at least in part, through the ERK pathway in brain microvascular endothelial cells.
Introduction
Carbamates, the most commonly used pesticides, have been demonstrated to disrupt transmission in the central and peripheral nervous systems in vertebrates by inhibiting acetylcholinerasterase activity (1), suggesting its permeability through the blood-brain barrier (BBB). The permeability change in the BBB by chemicals can be caused by not only the characteristic lipid nature of the chemicals but also the cytotoxic potential of the chemicals to disrupt the BBB (2) . BBB breakdown, leading to the release of cellular mediators, is highly associated with brain tissue injury. Indeed, it has been reported that an organocarbamate induces toxic neuropathies by changing the permeability of the BBB in rats (2) , which encouraged us to investigate whether carbamates can damage the BBB. Since brain microvascular endothelial cells are major component of the BBB, this study used brain microvascular endothelial cells as an in vitro BBB model (3) .
Among the available carbamates, carbofuran (2,3-dihydro-2,2-dimethyl-7-benzo-furanol N-methylcarbamate) is most widely used, since it has no long-term effect and has been thought to be safe. However, there is accumulating data showing that the widespread use of carbofuran and its metabolites can contaminate air, food, and water (4 -7) . Not only the accidental poisoning of humans and animals (8, 9) but the long-term use of low-dose carbofuran can also increase the risk of dysfunction in various organs including the retinal and nerve system (10, 11) . Carbamate pesticides are readily converted to N-nitroso metabolites in the presence of nitrites or nitrogen oxides in the stomach under acidic conditions or in the colon by intestinal bacteria (12 -14) . It was reported that the nitroso metabolite of carbamate was isolated from the stomach of guinea pig admin-istered with carbamate (15) . Like most of the N-nitrosocarbamates, N-nitrosocarbofuran (NOCF), a metabolite of carbofuran, has been demonstrated to have a cytotoxic property in various cells (16 -18) . However, there is little information about the cytotoxicity of carbofuran and NOCF in brain microvascular endothelial cells.
Based on these considerations, we investigated whether carbofuran and NOCF can produce any cytotoxic effect in brain microvascular endothelial cells and if so, what the signaling pathway for their action is, especially focusing on the mitogen-activated protein kinases (MAP kinases) signaling pathways, which have been extensively studied for their roles in apoptosis in various cell types and tissues (19 -21) .
Materials and Methods

Chemicals
Carbofuran was purchased from Aldrich Chemical Co. (Milwaukee, WI, USA) and NOCF was synthesized by nitrosating carbofuran in an acidic condition in the presence of sodium nitrite (18) . The structure of NOCF was confirmed with NMR spectrometry (500 MHz). SB202190 and PD98059 were purchased from CalBiochem (San Diego, CA, USA), and SP600125 was from Biomol Research Lab. (Plymouth Meeting, PA, USA). Annexin V was obtained from BD Biosciences (San Jose, CA, USA) and MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide) was from Sigma (St. Louis, MO, USA). All other chemicals were purchased from Sigma unless otherwise specified.
Cell culture
Mouse brain microvascular endothelium-derived bEnd.3 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in high glucose (4.5 g / L)-containing Dulbecco's modified Eagle's medium (Hyclone, Logan, UT, USA) supplemented with 1.5 g / L sodium bicarbonate, 100 U/ ml penicillin (Gibco BRL, Grand Island, NY, USA), 100 m g / ml streptomycin (Gibco BRL) and 10% fetal bovine serum (Hyclone) at 37°C in a 5% CO 2 -95% air humidified incubator.
MTT assay
Cell viability was determined by MTT assay. Cells were seeded in 24-well plates at a density designed to reach 80% confluency at the time of assay. At 48 h after seeding, cells were treated with various concentrations of NOCF in triplicate. After 12, 18 , and 24 h of NOCF treatment, 20 ml of MTT (5 mg / ml) in phosphate-buffered saline (PBS) was added to each well of cells, and the plate was incubated for 2 h at 37°C. The medium containing MTT was removed, and 100 ml of extraction buffer (2.5% acetic acid, 2.5% 1 N HCl, 50% N,N-dimethylformamide, and 20% (w / v) sodium dodecyl sulfate in water, pH 4.7) was added. Spectrophotometric absorbance of each sample was measured at 570 nm using a Spectra Microplate Reader (Molecular Devices, Sunnyvale, CA, USA).
Annexin V staining and FACScan analysis
bEnd.3 cells cultured in a 6-well plate were treated with NOCF 10 mM for 24 h. Cells were trypsinized, washed twice with PBS, and resuspended in 100 ml mixture of annexin V-binding buffer (140 mM NaCl, 10 mM HEPES, 2.5 mM CaCl 2 , pH 7.4). It was incubated with 2 ml annexin V-fluorescein isothiocyanate (Boehringer Ingelheim Bioproducts, Heidelberg, Germany) in the dark for 15 min. The cells were collected by centrifugation and resuspended with 400 ml binding buffer. The fluorescence intensity of the cell urface was then measured by flow cytometry (BD Biosciences).
Transmission electron microscopy (TEM)
Cells were fixed in Karnovsky's fixative solution (1% paraformaldehyde, 2% glutaraldehyde, 2 mM calcium chloride, 0.1 M cacodylate buffer, pH 7.4) for 2 h at room temperature. The cells were washed with cacodylate buffer, postfixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 h, dehydrated in a series of graded ethanols, and then embedded in Poly / Bed 812 resin (Pelco, Redding, CA, USA). Cells were cut using on Reichert Jung Ultracut S (Leica, Vienna, Austria) and mounted on grids, stained with uranyl acetate and lead citrate, and examined under a Zeiss EM 902 A electron microscope (Leo, Oberkohen, Germany).
Western blotting
Cells collected at 15, 30, and 120 min after the treatment with NOCF (10 m M) were lysed in cell lysis buffer (62.5 mM Tris HCl, pH 6.8, 5% b-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride, 2% sodium dodecyl sulfate, and 10 mM EDTA), and heated at 100°C for 10 min. Ten micrograms of protein were loaded to each lane of a 10% gel for separation and blotted onto PVDF membranes (Millipore, Bedford, MA, USA). Blots were incubated with primary antibodies (diluted to 1:1000 in 5% dry milk, 4% Tween 20 in Tris-buffered saline) after incubation in the blocking solution (5% dry milk, 4% Tween 20 in Tris-buffered saline) for 60 min. It was followed by incubation with secondary alkaline phosphate-conjugated anti-rabbit goat globular protein antibodies (Bio-Rad, Hercules, CA, USA). Bound antibodies were detected using SCIP / NBT premixed solution (Sigma). The results were analyzed using a GS-700 imaging densitometer (BioRad).
Statistical analyses
All data were expressed as the mean ± S.E.M. Numerical data were analyzed statistically by Student's t-test for paired observations between two groups. A P value of <0.05 was considered significant.
Results
Effects of carbofuran and NOCF on cell viability
To investigate whether carbofuran and NOCF have any effect on the viability of bEnd.3 cells, MTT assay was performed after the treatment of cells with carbofuran or NOCF for 24 h. The treatment with carbofuran for 24 h did not affect the cell viability at the concentration range of 3 -30 mM (Fig. 1A) . As shown in Fig. 1B , however, 3, 10, and 30 m M of NOCF significantly inhibited the cell viability compared to the control in a concentration-dependent manner (74.6 ± 1.42%, 35.8 ± 0.11%, and 11.3 ± 0.06%, respectively). Figure 1C shows the time-dependent NOCF (10 m M)-induced decrease of the cell viability (79.7 ± 2.23%, 58.7 ± 1.36%, and 34.1 ± 0.92% of control for 12, 18, and 24 h after the treatment with NOCF, respectively).
Annexin V staining of NOCF-treated bEnd.3 cells
After the cells were treated with 10 m M of NOCF for 24 h, the cells were stained with annexin V and analyzed by flow cytometry to see whether NOCF can induce the cell death via apoptosis (Fig. 2) . When the cells were stained with annexin V 24 h after NOCF treatment, the distribution of fluorescence intensity was shifted to the right compared to the control (vehicle treated cells), implying that more NOCF-treated cells were stained by annexin V compared to the control cells.
Involvement of MAP kinase pathway in NOCF-induced cell death
To see whether the MAP kinase pathways, extracellular signal regulated kinase (ERK), p38 MAP kinase, and c-Jun N-terminal kinase (JNK), are involved in 
Transmission electron microscopy
Since ERK among other members of the MAP kinase pathways appeared to be involved in NOCFinduced bEnd.3 cell death, the effect of PD98059 on apoptotic cell death induced by NOCF was further investigated with transmission electron microscopy. As shown in Fig. 4 , the control cells displayed welldefined nuclei and intact nuclear membrane with little evidence of apoptosis. NOCF (10 m M)-treated cells showed degenerative apoptotic morphologies characterized by plasma membrane blebbing, shrinkage of nuclei, and nuclei condensation. It appeared that the treatment with PD98059 inhibited the morphological change caused by NOCF, while PD98059 alone did not alter the cell morphologies.
Effect of NOCF on ERK phosphorylation
Based on the results showing the inhibitory effect of PD98059 on NOCF-induced cell death, we investigated whether NOCF could activate the ERK pathway and whether PD98059 can actually block them, by Western blot analysis. As shown in Fig. 5 , phosphorylation of ERK was increased by NOCF as early as 15 min after the treatment and maintained at a high level for up to 2 h, suggesting the activation of ERK by NOCF. This increase in the ERK phosphorylation by NOCF was remarkably reduced by treatment with PD98059 (20 mM).
Discussion
In this study, we demonstrated that NOCF, the Nnitroso metabolite of carbofuran, but not carbofuran in itself induced apoptosis, at least partially, through the ERK pathway in bEnd.3 cells.
Carbamates are the most commonly used pesticides applied to control insects and nematodes in agriculture and forestry, since they are thought to be safer than the organophosphorous pesticides. Recently, however, it has been reported that carbamates disrupt the nervous system (1) and that they induce neuropathies by changing BBB permeability (2) . Since the increase in the BBB permeability can be caused by breakdown of BBB, we hypothesized that carbamates may impair BBB function. To investigate this hypothesis, we evaluated the cytotoxicity of carbofuran, one of the most widely used carbamates, and its metabolite NOCF in BBB endothelial cells in terms of cell death. Our results showed that carbofuran did not have any significant toxic effect at concentrations up to 30 m M, which is the highest concentration available considering the solvent effect. On the other hand, NOCF (3 -30 m M) induced remarkable cell death in a concentration- dependent and time-dependent manner. Our results are consistent with others that NOCF but not carbofuran has cytotoxicity in Chinese hamster lung fibroblast cells (17) . Our results further support other studies that N-nitrosation greatly increased the cytotoxicity and mutagenicity of N-methylcarbamates in Chinese hamster V79 cells (22, 23) . Taken together, it might be speculated that the toxicity of carbofuran in target tissues, including brain microvessels, may be associated with its metabolism to NOCF. We, thereafter, focused on NOCF rather than carbofuran and investigated whether the cell death induced by NOCF may occur via apoptosis. We performed annexin V staining for the NOCF treated cells and the staining was analyzed by flow cytometry. Flipping out of the phosphatidylserine from the inner side to the outer side of the plasma membrane is known to be one of the characteristics of apoptotic cells. Annexin V stains the flipped-out phosphatidylserine on the outer side of the plasma membrane. When the cells were treated with 10 m M NOCF, annexin V-stained cells than control (Fig. 2) , implying that NOCF can cause apoptosis of the cells. NOCF-induced apoptosis was also observed in electron microscopy, which showed plasma membrane blebbing and shrinkage of nuclei (Fig. 4) . In agreement with our results, Yoon et al. (17) demonstrated that NOCF induced DNA fragmentation and caspase-3 activation, supporting the apoptogenic characteristic of NOCF.
To further investigate the mechanism by which NOCF induces cell death in bEnd.3 cells, we examined the effects of the inhibitors for MAP kinases on NOCFinduced cell death. The MAP kinase pathway is one of the signaling pathways that have been extensively studied for their roles in the process of apoptosis (24, 25) . Our results from MTT assay have shown that PD98059 (20 m M), but neither SB202190 nor SP600125 significantly inhibited NOCF (10 mM)-induced cell death, suggesting the involvement of the ERK pathway in the NOCF-induced cell death. PD98059 is an inhibitor of MEK, the upstream molecule of ERK (26) . The involvement of the ERK pathway in the NOCF-induced cell death was further confirmed by the electron microscopy study (Fig. 4) . The treatment with PD98059 almost completely blocked the NOCFinduced characteristic morphological changes for apoptotic cells, whereas the treatment with NOCF alone showed the characteristic degenerative morphology of apoptotic cells. Our results from the western blotting showed that the phosphorylated ERK was increased as early as 15 min after NOCF treatment and that this increase was inhibited by the treatment with PD98059 (20 mM). These results are consistent with other reports suggesting the pro-apoptotic role of the ERK activation in various cells and tissues including neurons (27, 28) , granulose cells (29) , and NIH3T3 cells (30) . Furthermore, in the cerebral ischemia model, administration of MEK inhibitor has been demonstrated to afford brain protection (31) . However, the exact role of the ERK pathway in cell death in response to various stimuli appears to be much complicated because the antiapoptotic role of ERK also has been demonstrated in a number of cells including cerebellar granule cells (32) , human vascular endothelial cells (33) , and hematopoietic cells (34) . In addition to the ERK pathway, p38 MAP kinase and JNK pathways have been demonstrated to play an important role in cell survival and apoptosis (35) . Therefore, the balance between each MAP kinase family has been suggested to be crucial for determining the fate of the cells such as cell survival or death. Moreover, differences between stimuli, cell types, and severity of stimuli may help to explain the opposite roles of ERK pathways.
Our study demonstrated that NOCF but not carbofuran can cause apoptotic cell death in the brain endothelium-derived bEnd.3 cells. Our data further suggest that the signaling mechanisms of NOCF-induced apoptosis may, at least in part, involve the activation of the ERK pathway.
